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Rapid development and deployment of engineered nanomaterials such as carbon 
nanotubes (CNTs) in various commercial and biomedical applications have raised concerns 
about their potential adverse health effects, especially their long-term effects which have 
not been well addressed. We demonstrated here that prolonged exposure of human 
mesothelial cells to single-walled CNT (SWCNT) induced neoplastic-like transformation 
as indicated by anchorage-independent cell growth and increased cell invasiveness. 
Such transformation was associated with an up-regulation of H-Ras and activation of 
ERK1/2. Downregulation of H-Ras by siRNA or inactivation of ERK by chemical inhibitor 
effectively inhibited the aggressive phenotype of SWC NT-exposed cells. Integrin alpha V 
and cortactin, but not epithelial-mesenchymal transition (EMT) transcriptional regulators, 
were up-regulated in the SWC NT-exposed cells, suggesting their role in the aggressive 
phenotype. Cortactin expression was shown to be controlled by the H-Ras/ERK signaling. 
Thus, our results indicate a novel role of H-Ras/ERK signaling and cortactin in the 
aggressive transformation of human mesothelial cells by SWCNT. 



Keywords: mesothelial cells, H-Ras, SWCNT, ERK, cortactin, cell transformation 



INTRODUCTION 

CNTs share some common properties with the carcinogenic 
asbestos fibers, including high aspect ratio, biopersistence and 
route of exposure, which raises a major concern about their 
potential carcinogenicity. A recent study by Sargent et al. indi- 
cated the tumor-promoting effect of CNTs (Sargent et al, 2014), 
while several other studies suggested the potential mesothe- 
lioma pathogenicity of this nanomaterial (Takagi et al., 2008, 
2012; Sakamoto et al., 2009). At the cellular level, CNTs were 
shown to induce malignant transformation of human lung cells 
upon chronic exposure (Wang et al., 2011, 2014; Lohcharoenkal 
et al., 2013). In a recent study, we reported neoplastic trans- 
formation of human pleural mesothelial cells by chronic CNT 
exposure and demonstrated the role of matrix metalloproteinase 
(MMP)-2 in the process (Lohcharoenkal et al., 2013). Since our 
study has indicated the induction of proto-oncogenes by CNTs 
(Wang et al, 2014) and since H-Ras oncogene has been demon- 
strated to be involved in the DNA damage signaling induced 
by CNTs (Tong et al., 2011), we asked if H-Ras plays a role in 



Abbreviations: SWCNT, single-walled carbon nanotubes; ERK, extracellular 
signal-regulated kinases; MAPK, mitogen-activated protein kinases; PI3K, phos- 
phatidylinositol 3-kinase; MMP, matrix metalloproteinase; EGF, epidermal growth 
factor; GSN, gene signaling network; IPA, ingenuity pathway analysis; E-cad, E- 
cadherin; N-cad, N-cadherin; FN, fibronectin; VIM, vimentin; FAK, focal adhesion 
kinase; uPA, urokinase-plasminogen activator; BEAS-2B, human bronchial epithe- 
lial cells; SAEC, human small airway epithelial cells; MeT-5A, immortalized human 
pleural mesothelial cells; LP-9, normal human peritoneal mesothelial cells. 



the invasive transformation of CNT-exposed human mesothelial 
cells. 

Ras oncogene family has been extensively studied during 
the past few decades. Ras protein is a major regulator of var- 
ious pathological and physiological processes that control cell 
proliferation, differentiation and survival. Ras GTPase family 
proteins are critical players in many signaling networks, con- 
necting a great variety of upstream signals to an even wider set 
of downstream effector pathways that control numerous cellu- 
lar functions including cell cycle progression, growth, migration, 
cytoskeleton dynamic, apoptosis and senescence (Tong et al., 
2011). Ras is a membrane-associated guanine nucleotide-binding 
protein that is normally activated in response to the binding 
of extracellular signals such as growth factors, receptor tyro- 
sine kinases, T-cell receptors, and phorbol myristate acetate. It 
acts as a binary signal switch between ON and OFF states. In 
the resting state, Ras is tightly bound to guanosine diphosphate 
(GDP), which is exchanged for guanosine triphosphate (GTP) 
upon binding of extracellular stimuli to cell membrane receptors. 
In the GTP-bound form, Ras interacts specifically with effec- 
tor proteins and initiates downstream cascades. To return to 
the inactive OFF state, Ras cleaves off the terminal phosphate 
moiety by the intrinsic GTPase reaction and the remaining GDP- 
bound Ras is no longer able to interact with effectors (Kolch, 
2002). Reactive free radicals and cellular redox stress have also 
been proposed to directly activate Ras. Nitric oxide promotes the 
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direct post-translational modification of Ras by S-nitrosylation 
at Cysll8. This modification results in stimulation of guanine 
nucleotide exchange, possibly by destabilization associated with 
other effectors, leading to transduction of Ras mediated sig- 
nals (Diaz-Meco et al, 1994). Three members of the Ras family, 
Harvey- Ras (H-Ras), Kirsten-Ras (K-Ras), and N-Ras, are known 
to be activated in human tumors (Lowy and Willumsen, 1993; 
Stites and Ravichandran, 2009). The amino-terminal 85 amino 
acids are identical and the middle 80 amino acids exhibit an 
85% homology between the Ras proteins, whereas the carboxyl- 
terminal sequence is highly divergent (Barbacid, 1987; Boguski 
and McCormick, 1993). Up to about 30% of all human tumors 
carry some forms of alteration in the canonical Ras genes. The 
biological effects of Ras proteins are mediated through the activa- 
tion of several downstream effectors, including Raf, Rac, phos- 
phatidylinositol 3-kinase (PI3K) and Ral (Marshall, 1996). Ras 
stimulates serine/threonine kinase Raf, followed by activation 
of the downstream kinase MAPK/ERK kinase (MEK), which in 
turn phosphorylates extracellular signal- regulated kinases (ERKs) 
(Kyriakis et al, 1992). In addition to the Ras/Raf/ERK pathway, 
the small GTPase Rac and PI3K are involved in the mitogenic and 
oncogenic effects of Ras (Joneson et al., 1996). PI3K is activated 
by G-protein-coupled receptors in response to extracellular stim- 
uli or by direct interaction with Ras (Kapeller and Cantley, 1994; 
Rodriguez- Viciana et al, 1994). 

Although these Ras proteins share many common signaling 
pathways leading to similar cellular responses, studies have clearly 
demonstrated the unique roles of Ras family members in physio- 
logical and pathological conditions. Moon et al. reported H-Ras, 
but not N-Ras, induced invasive and migrative phenotypes by 
activating p38 and ERK signaling pathways, whereas both induced 
transformed phenotype in human breast epithelial cells through 
an up-regulation of MMP-2 (Moon et al., 2000). In laryngeal 
carcinoma, a weaker tumorigenic effect of N-Ras vs. H-Ras and 
K-Ras was reported (Kiaris and Soandidos, 1995). In this study, 
we investigated the role of H-Ras in SWCNT-induced neoplas- 
tic transformation of human mesothelial cells and evaluated the 
downstream targets of H-Ras signaling in the transformed cells. 

MATERIALS AND METHODS 
CELL CULTURE AND SWCNT EXPOSURE 

Human pleural mesothelial MeT-5A (ATCC® CRL9444) 
cells were acquired from American Type Culture Collection 
(Manassas, VA) and maintained in M199 medium (Life 
Technologies, Grand Island, NY) with 5% fetal bovine serum 
(FBS), 2mM L-glutamine, lOOU/mL penicillin/streptomycin, 
1 |xg/mL EGF and 50 (jtg/mL hydrocortisone. Human peritoneal 
mesothelial LP-9 cells were obtained from NIA Aging Cell repos- 
itory (Camden, NJ) at passage 5 and maintained in a medium 
containing a 1:1 ratio of M199 and Ham's F-12 nutrient mixture 
(Life Technologies, Grand Island, NY), supplemented with 
10% FBS, lOng/mL EGF, 0.4 [Ag/mL hydrocortisone, lOOU/mL 
penicillin/streptomycin and 2mM L-glutamine. Cell cultures 
were performed in a humidified atmosphere of 5% CO2 at 37°C. 
SWCNT, synthesized by using a high-pressure carbon monoxide 
disproportionate process (HiPCO), were obtained from Carbon 
Nanotechnology (CNI, Houston, TX). Elemental analysis of the 



supplied CNT by nitric acid dissolution and inductively coupled 
plasma-atomic emission spectrometry (ICP-AES, NMAM #7300) 
showed that SWCNT were 99% elemental carbon and contained 
less than 1% w/w of contaminants. 

Cells were continuously exposed to SWCNT at various sur- 
face area concentrations of 0.02, 0.06, and 0.2u,g/cm 2 for 2 
months according to the method previously described (Sargent 
et al., 2014). Briefly, 0.1 mg/mL stocks of SWCNT in phosphate 
buffer saline (PBS) containing 1% FBS were sonicated and diluted 
in media (0.1 |ig/mL) prior to cell exposure. Cultured MeT-5A 
and LP-9 cells were exposed to the dispersed CNT every 3 days 
following a PBS wash and passaged once per week. 

SOFT AGAR COLONY FORMATION ASSAY 

Soft agar assay was performed as previously described (Ottestad 
et al, 1988). SWCNT-exposed cells at 3 x 10 4 cells were mixed 
with the culture medium containing 0.5% agar to the final con- 
centration of 0.33% agar. Cell suspension was immediately plated 
onto the dish coated with 0.5% agar in culture medium. Colonies 
were examined under a light microscope (Leica DM, IL) after 2 
and 4 weeks. 

CELL INVASION ASSAY 

Cell invasion was determined in BD Matrigel® invasion chamber 
(BD Biosciences, NJ). Briefly, cells at the density of 3 x 10 4 cells 
per well were seeded into the upper chamber of the Transwell® 
unit in serum-free medium. The lower chamber of the unit was 
added with a normal growth medium containing 5% FBS. The 
unit was incubated at 37°C in a 5% CO2 atmosphere for 48 h. The 
non-invading cells were removed from the inside of insert with 
a cotton swab. Cells that invaded to the lower side of the mem- 
brane were fixed and stained with Diff-Quik® (Dade Behring, 
Newark, DE). Inserts were visualized under a light microscope. 
The experiment was performed three times independently and 
the representative data of one experiment are shown. 

WESTERN BLOT ANALYSIS 

Cells at the density of 2.5 x 10 5 cells were seeded into each well 
of 6-well plates and cultured to confluence. They were washed 
twice with ice-cold PBS and incubated in lysis buffer containing 
20 mM Tris-HCl (pH 7.5), 1% Triton X-100, 150 mM NaCl, 10% 
glycerol, 1 mM Na 3 V0 4 , 50 mM NaF, 100 mM phenylmethyl- 
sulfonyl fluoride, and a commercial protease inhibitor mixture 
(Roche Molecular Biochemicals, Indianapolis, IN) at 4°C for 
20 min. Cell lysates were collected and analyzed for protein con- 
tent using the BCA protein assay kit (Pierce Biotechnology, 
Rockford, IL). Samples containing 50 u,g of cell lysate proteins 
per lane were resolved under denaturing conditions by 10% 
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS- 
PAGE) along with EZ-run pre-stained protein ladder (Fisher 
Scientific, Pittsburgh, PA) and transferred onto PVDF mem- 
branes (Invitrogen, Carlsbad, CA). The transferred membranes 
were blocked for 1 h in 5% nonfat dry milk in TBST (25 mM 
Tris-HCl, pH 7.4, 125 mM NaCl, 0.05% Tween 20) and incu- 
bated with the appropriate primary antibodies (Cell Signaling 
Technology, Danvers, MA or Santa Cruz Biotechnology, Dallas, 
TX) at 4°C overnight. Membranes were washed twice with TBST 
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for lOmin and incubated with horseradish peroxidase-coupled 
isotype-specific secondary antibodies (Cell Signaling Technology, 
Danvers, MA) for 1.5 h at room temperature. The immune com- 
plexes were detected by enhanced chemiluminescence detection 
system (Amersham Biosciences, Piscataway, NJ) and quantified 
using analyst/PC densitometry software (Bio-Rad Laboratories, 
Hercules, CA). 

H-Ras siRNA TRANSFECTION 

Cells were transfected with pre-designed human H-Ras siRNA 
(Santa Cruz Biotechnology, Dallas, TX: sc-29340) or control 
siRNA (Santa Cruz Biotechnology, Dallas, TX: sc-37007), accord- 
ing to the manufacturer's protocol. H-Ras expression in the H-Ras 
and control siRNA-transfected cells was determined by Western 
blotting as described above. 

INHIBITION OF ERK MAPK SIGNALING PATHWAY 

SWCNT-exposed cells at 2 x 10 5 cells were seeded into each 
well of 6-well plates and cultured for 48 h. Cells were then 
pre-incubated with the ERK inhibitor U0126 (Cell Signaling 
Technology, Danvers, MA) at different concentrations for 2h 
prior to subjecting to cell invasion or Western blot assays as 
described above. 

INGENUITY PATHWAY ANALYSIS 

H-Ras-ERK invasion signaling network was generated using 
Ingenuity Pathway Analysis (IPA, version Fall 2012; Redwood 
City, CA) from whole genome expression data of SWCNT- 
treated mesothelial cells previously deposited on NCBI's Gene 
Expression Omnibus (GenBank ID: GSE48855) (Lohcharoenkal 
et al., 2013). Gene signaling networks (GSN) associated with 
cell invasion were created and mapped. Only genes that have 
the first order relationship with ERK were kept in the network. 
Genes were included in the GSN if they promoted invasion 
and were overexpressed or if they inhibited invasion and were 
underexpressed. 

QUANTITATIVE REAL-TIME PCR OF EPITHELIAL-MESENCHYMAL 
TRANSITION (EMT) TRANSCRIPTIONAL REGULATORS 

The expression of EMT transcriptional regulators including Snal, 
Twist, E-cad, N-cad, FN1, and VIM was analyzed in control 
and SWCNT (0.2 ^g/cm 2 ) -exposed MeT-5A cells. Briefly, total 
RNA was isolated from cells using RNeasy mini kit (Qiagen, 
Valencia, CA), according to the manufacturer's instructions. 
The extracted RNA was then reverse transcribed into cDNA by 
high capacity RNA to cDNA kit (Applied Biosystems, Carlsbad, 
CA). After the reverse transcription reaction was finished, 10 u,L 
of diluted cDNA product (final cDNA quantity 100 ng) was 
mixed with 10 |xL of Taqman® master mix (Applied Biosystems) 
and transferred into Taqman® array plate (Applied Biosystems). 
Quantification of the PCR products was performed by NFQ- 
FAM® method using the Applied Biosystems 7500 Real-Time 
PCR system with the following profile: 1 cycle at 94° C for 
2min, 40 cycles at 94°C for 15 s, 60°C for 1 min, 72°C for 
1 min. Data analysis was performed using the ABI sequence 
detection software (Applied Biosystems) by relative quantifi- 
cation. The threshold cycle (Ct), which is defined as the 
cycle at which PCR amplification reaches a significant value, 



is given as the mean value. The relative expression of each 
mRNA was calculated by the ACt method, where ACt is the 
value obtained by subtracting the Ct value of the housekeep- 
ing gene 18S mRNA from the Ct value of the target mRNA. 
The amount of the target relative to 18S mRNA was expressed 
as 2- AQ . 

IMMUNOFLUORESCENCE STAINING 

Cellular cortactin expression was visualized by immunofluo- 
rescence microscopy (Zeiss LSM 510 Axiovert 100 M, Zeiss, 
Thornwood, NY). Briefly, cells were cultured to confluence on 
glass cover slips and fixed in 4% paraformaldehyde in PBS. The 
samples were rinsed three times, permeabilized with 1.2% Triton 
X-100 for 5 min, rinsed three times and blocked with 1% bovine 
serum albumin (BSA) in PBS for 1 h before staining with 1:100 
cortactin primary antibody (Cell Signaling Technology, Danvers, 
MA) followed by Alexa Fluor-conjugated secondary antibody 
(Invitrogen, Carlsbad, CA). The stained cells were mounted with 
ProLong® gold antifade reagent with DAPI (Invitrogen, Carlsbad, 
CA) and visualized by fluorescence microscopy. All microscopic 
exposure conditions were set the same between samples for fluo- 
rescence intensity comparison. 

STATISTICAL ANALYSIS 

All experiments were performed in triplicate. Difference between 
groups was assessed by One- Way analysis of variance (AN OVA). 
Differences were considered significant if P-values were < 0.05. 

RESULTS 

SWCNT EXPOSURE INDUCES AGGRESSIVE NEOPLASTIC-LIKE 
PHEN0TYPE OF MESOTHELIAL CELLS 

Cancer hallmark phenotypes were determined in SWCNT- 
exposed and control MeT-5A and LP-9 cells by established 
methods. Anchorage-independent cell growth was determined by 
assessing the size and number of isolated colonies on soft agar. 
Increased colony size was observed in the MeT-5A cells exposed to 
all doses of SWCNT with the highest dose (0.2 (xg/cm 2 ) inducing 
the biggest colonies (Figure 1A). At the same dose range, SWCNT 
had minimal effect on colony formation in LP-9 cells (Figure 1A), 
possibly due to their decreased susceptibility and limited lifespan 
under non-adherent conditions. 

The invasiveness of SWCNT-exposed mesothelial cells was 
assessed by Transwell® invasion assay. SWCNT was able to 
increase the invasiveness of both MeT-5A and LP-9 cells in a dose- 
dependent manner as compared to their passage-matched control 
cells (Figure IB). At the highest exposure dose (0.2 (xg/cm 2 ), sig- 
nificant increase in the number of invading cells was observed 
in both cell types. These results indicate the invasion-promoting 
activity of SWCNT in mesothelial cells. 

H-Ras 0VEREXPRESSI0N IN SWCNT-EXPOSED MESOTHELIAL CELLS 

We hypothesized that H-Ras expression and its downstream 
targets may be activated and play a role in the neoplastic trans- 
formation of SWCNT-exposed mesothelial cells. To test this 
possibility, we analyzed H-Ras (also known as transforming pro- 
tein p21) expression in SWCNT-exposed and control cells by 
Western blotting. Increased expression of H-Ras was observed in 
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FIGURE 1 | Cancer hallmark transformation phenotypes of 
SWCNT-exposed MeT-5A and LP-9 cells. Anchorage-independent cell 
growth was determined by soft agar colony formation assay. Two-month 
exposed MeT-5A and LP-9 cells in culture medium containing 0.33% agar 
were plated onto the dish coated with 0.5% agar in culture medium. Colonies 



were examined by light microscopy after 4 weeks of incubation (A). Invasion 
was assessed in the SWCNT-exposed cells using BD Matrigel® invasion 
chamber. Invading cells were fixed, stained and visualized under a 
microscope. The number of invading cells was counted and presented as a 
bar chart (B). 'Significantly difference from control with P < 0.05 (n = 3). 



the SWCNT-exposed MeT-5A and LP-9 cells as compared to con- 
trol cells (Figure 2A). The importance of H-Ras overexpression 
on the aggressive behavior of SWCNT-exposed cells was evalu- 
ated by siRNA silencing experiments. SWCNT-exposed MeT-5A 
and LP-9 cells were transfected with siRNA against H-Ras (siH- 
Ras) or control siRNA (siControl), and subjected to cell invasion 
assays. Figures 2B,C show that the siH-Ras treatment resulted in 
a substantial reduction of the H-Ras expression and a parallel 



decrease in cell invasion activity as compared to the siControl 
treatment. 

ACTIVATION OF DOWNSTREAM SIGNALING PATHWAY OF H-Ras 

To dissect the signaling pathway downstream of H-Ras that 
may be involved in the neoplastic phenotype of SWCNT- 
exposed cells, the activation of several known effectors of Ras 
including ERK, JNK, Akt, and NF-kB was investigated. Among 
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MeT5A LP-9 




FIGURE 2 | Up-regulation of H-Ras in SWCNT-exposed mesothelial cells. 

Total H-Ras protein expression in SWCNT-exposed MeT-5Aand LP-9 cells 
were analyzed by Western blotting. Band densities were determined and 
presented as a bar chart. Overexpression of H-Ras was observed in both 
SWCNT-exposed cell types at the high dose of 0.2 p,g/cm 2 (A). SWCNT 




MeT5A LP-9 



(0.2 iig/cm 2 )-exposed MeT-5A and LP-9 cells were transfected with siH-Ras 
or siControl RNA, and H-Ras protein expression was determined by Western 
blotting (B). Cell invasion assays showed a reduced invasive capacity of the 
siH-Ras cells as compared to siControl cells (C), 'significantly difference with 
P < 0.05 (n = 3). 



these, p44/42 (ERK1/2) was shown to be prominently acti- 
vated in the SWCNT-exposed cells, suggesting the possible role 
of ERK signaling in the aggressive phenotype of these cells 
(Figure 3A). 



To assess the functional importance of activated p44/42 in the 
aggressive phenotype, SWCNT-exposed cells were treated with 
non-cytotoxic doses of U0126, a selective ERK kinase inhibitor, 
and analyzed for cell invasiveness by Transwell® invasion assay. 



www.frontiersin.org 



June 2014 | Volume 5 | Article 222 | 5 



Lohcharoenkal et al. 



H-Ras/ERK signaling in SWCNT-exposed mesotheiial cells 



A 

Phospho-p44/42 



MeT5A 



LP-9 




Ctrl 0.02 0.06 0.2 



Ctrl 0.02 0.06 0.2 




U0126 (uM) 

FIGURE 3 | Analysis of downstream effectors of H-Ras in 
SWCNT-exposed MeT-5A and LP-9 cells. A dose-dependent activation of 
p44/42 (ERK1/2) was evident in the SWCNT-exposed cells (A). U0126, an ERK 
kinase inhibitor, was used to confirm the importance of ERK activation in the 
invasiveness of SWCNT-exposed cells. SWCNT (0.2 |ig/cm 2 )-exposed Met-5A 





U0126 (|JM) 



cells were treated with various concentrations (5-20 (iM) of U0126 for 2 h, 
after which they were washed and subjected to Transwell® invasion assay. A 
substantial and dose-dependent decrease in the number of invading cells 
was evident in the treatment groups (B), 'significantly difference from no 
treatment control with P < 0.05 (n = 3). 



The results showed that the ERK inhibitor effectively inhib- 
ited the invasive activity of the cells in a dose-dependent man- 
ner (Figure 3B). These results support the role of ERK signal- 
ing downstream of H-Ras activation in SWCNT-induced cell 
invasiveness. 

POTENTIAL GENES ASSOCIATED WITH ERK SIGNALING IN 
SWCNT-EXPOSED MES0THELIAL CELLS 

To determine the possible effectors of H-Ras-ERK signal- 
ing in the tested cells, whole genome expression data 
of SWCNT-exposed mesotheiial cells from our previous 
study was subjected to IRA. Invasion GSN with first order 
relationship to ERK and a cross-section diagram for loca- 
tion of each gene within the cells are shown in Figure 4. 
Genes of potential interest to the SWCNT-induced cell 
invasiveness include some proteolytic enzyme-encoding 
genes (MMP2, PLAU), AKT, cyclin Dl, integrin, several 



inflammatory genes, and EMT related genes {TWIST, 
FN1). 

INTEGRIN ALPHA V AND C0RTACTIN 0VEREXPRESSI0N IN 
SWCNT-EXPOSED MES0THELIAL CELLS 

Further investigations on the genes from the invasion GSN were 
performed using Western blotting and quantitative real-time 
PCR. Western blot analysis showed a dose-dependent increase in 
integrin alpha V expression in SWCNT-exposed MeT-5A and LP- 
9 cells (Figure 5A). Cortactin, a protein known to be involved in 
cell motility and important in neoplasia development, was also 
overexpressed in the SWCNT-exposed cells. PCR analysis of EMT 
transcriptional regulators showed a repression of all EMT regula- 
tors examined in the exposed cells (Figure 5B). The relationship 
between cortactin and H-Ras-ERK activation was further eval- 
uated by immunofluorescence staining. The results showed that 
cortactin was substantially induced in the SWCNT-exposed cells, 
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FIGURE 4 | Whole genome analysis of cell invasion network in 
SWCNT-exposed mesothelial cells. H-Ras-ERK invasion signaling 
network was created from whole genome expression data previously 
deposited on NCBI's Gene Expression Omnibus (GenBank ID: 
GSE48855) using IPA. Gene signaling networks (GSN) associated with 
cell invasion were created and mapped. Genes were included in the 
GSN if they promoted invasion and were overexpressed or if they 



inhibited invasion and were underexpressed. Invasion GSN with first 
order relationship to ERK (A) and a cross-section diagram for location 
of each gene within the cells (B) are shown. MMP2, PLAU, AKT, 
CCND1, ITG, several inflammatory genes and EMT-related genes 
(TWIST, FN!) were found to be the up-regulated genes with first 
relationship with ERK in the GSN. Most of these genes were reported 
to involve in cell motility and metastasis process. 



consistent with the H-Ras/ERK data (Figure 5C). Overexpression 
of H-Ras in the MeT-5A cells also resulted in the up-regulation of 
cortactin (Supplementary Figure 1A), whereas siRNA downreg- 
ulation of H-Ras decreased the cortactin expression in SWCNT- 
exposed cells (Figure 5D). In addition, the ERK kinase inhibitor 
U0126 mitigated the cortactin expression as analyzed by Western 
blotting (Figure 5E). 

DISCUSSION 

Rapid increase in CNT production and utility has raised a con- 
cern over the potential adverse effects of CNTs on human health 
and the environment. Both in vivo and in vitro studies have 
provided useful information on the biological and toxicological 
effects of CNTs; however, most of these studies have focused on 
short-term acute effects of the nanomaterials, which is due in 
part to the lack of appropriate experimental models for long-term 
studies. We have developed a chronic cellular exposure model to 
study the long-term biological effects of nanomaterials in various 
lung cell types including human bronchial epithelial cells (BEAS- 
2B), human small airway epithelial cells (SAEC), and human 
pleural mesothelial cells (MeT-5A) (Wang et al., 2011, 2014; 
Lohcharoenkal et al., 2013). Neoplastic transformation of these 
cells was demonstrated upon chronic exposure to low-dose CNTs 
as demonstrated by their anchorage-independent cell growth, 
apoptosis resistance, increased cell motility and angiogenesis. 
The induction of proto-oncogenes and cell division anomalies 



including centrosome fragmentation, mitotic spindle disruption, 
and aneuploidy has also been reported in CNT-exposed cells 
(Sargent et al, 2009; Wang et al, 2014). Despite its established 
importance in lung carcinogenesis, the role of H-Ras in CNT- 
induced carcinogenesis has not been reported, although a recent 
study indicated the involvement of H-Ras signaling in DNA dam- 
age caused by CNTs (Tong et al., 2011). Thus, the role of H-Ras 
in the neoplastic transformation of human mesothelial cells was 
focused in this study. 

Two types of human mesothelial cells (MeT-5A and LP-9) were 
continuously exposed to different concentrations (0.02, 0.06, and 
0.2 (jig/ cm 2 ) of SWCNT for 2 months and analyzed for cancer 
hallmark phenotypes. As shown in Figure 1, SWCNT induced 
colony formation and cell invasion in MeT-5A cells, whereas it 
induced mainly cell invasion with minimal effect on colony for- 
mation in LP-9 cells. Anchorage-independent cell growth is the 
most commonly used in vitro indicator of malignant transfor- 
mation and it correlates well with in vivo tumorigenicity (Risser 
and Pollack, 1974; Shin et al., 1975). This indicates malignant 
transformation of SWCNT-exposed MeT-5A cells, although the 
control MeT-5A cells also formed slow-growing colonies on soft 
agar. This could be due to the fact that the cells were immor- 
talized by transfection with the pRSV-T plasmid (an SV40 ori- 
construct containing the SV40 early region and sarcoma virus 
long terminal repeat). ATCC indicates that this cell line can 
form colonies in a semi-solid medium but is non-tumorigenic 
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FIGURE 5 | Molecular and functional assays of genes in the gene 
signaling network. Western blot analysis showed a dose-dependent 
increase in integrin alpha V and cortactin expression in SWCNT-exposed 
MeT-5A and LP-9 cells (A). Real-time PCR analysis showed a 
down-reguiation of all EMT transcriptional regulators in SWCNT 
(0.2 |ig/cm 2 (-exposed MeT-5A cells compared to control cells (B). 



Immunofluorescence staining showed a substantial increase in cortactin 
protein expression in SWCNT (0.2 |ig/cm 2 )-exposed MeT-5A cells 
compared to control cells (C). Down-regulation of H-Ras by siH-Ras (D) 
and inactivation of ERK by U0126 (E) lowered the expression of cortactin 
in SWCNT-exposed MeT-5A cells. 'Significantly difference from no 
treatment control with P < 0.05 (n = 3). 



in immunocompromised mice. Therefore, the colony formation 
observed in the control cells is due to indigenous properties of 
the cells, and not because of their tumorigenicity. For normal 
cells, spontaneous colony formation was concentration depen- 
dent and the threshold for colony formation varied between 



cell types and some exogenous source of colony stimulating fac- 
tor (CSF) may be needed. In case of normal mesotheiial cells 
such as LP-9 cells, high concentrations of epidermal growth fac- 
tor (EGF) and hydrocortisone in addition to fetal calf serum 
were required to induce colony formation in semi-solid medium 
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(La Rocca and Rheinwald, 1985). Cell invasion is a crucial step in 
many physiological processes and its impairment has been impli- 
cated in many pathological disorders such as tumor growth and 
metastasis. It has been used to assess the aggressive and malignant 
phenotypes of cells (Cho and Klemke, 2000). Our results demon- 
strated the induction of aggressive cancer phenotypes by SWCNT 
in mesothelial cells. 

H-Ras expression was examined in SWCNT-exposed cells and 
was found to be elevated in both the SWCNT-exposed MeT-5A 
and LP-9 cells (Figure 2A). The functional importance of H- 
Ras overexpression was demonstrated by colony formation assay 
in H-Ras-transfected MeT-5A cells (Supplementary Figure IB). 
Since overexpression of H-Ras has been shown to be impor- 
tant in cancer cell invasion and progression (Theodorescu et al., 
1990), we hypothesized that H-Ras overexpression and the acti- 
vation of its downstream targets may be crucial to the inva- 
sive transformation of SWCNT-exposed mesothelial cells. The 
results of our H-Ras knockdown experiments support this notion 
(Figures 2B,C). 

Downstream effectors of Ras include members of the MAPK 
family comprising of JNK, ERK and stress-activated protein 
kinase-2 (p38). MAPKs are among the major kinases that trans- 
duce extracellular signaling into cellular responses and play a 
pivotal role in the regulation of cell proliferation, apoptosis, dif- 
ferentiation, cytoskeleton remodeling, and cell cycle regulation 
(Brunet and Pouyssegur, 1996; Foltz et al., 1997). Key effectors 
of Ras including ERK, JNK, AKT, and NF-kB were examined 
in SWCNT-exposed MeT-5A and LP-9 cells. An activation of 
ERK1/2 (p44/42) was prominent in these cells (Figure 3A), sug- 
gesting the possible role of H-Ras-ERK signaling in the invasive- 
ness of SWCNT-exposed mesothelial cells. Our results on the 
inhibitory effect of U0126 ERK inhibitor on the invasivity of 
SWCNT-exposed MeT-5A cells support this notion (Figure 3B). 
Consistent with this finding, several studies have indicated the 
involvement of ERK in the migration and invasion of various 
forms of cancer including glioblastoma, pancreatic carcinoma 
and lung cancer (Lakka et al., 2000; Lu et al., 2011). 

Invasion GSN obtained from the whole genome expression 
data of SWCNT-exposed mesothelial cells was created and fil- 
tered for ERK-related genes as shown in Figure 4. MMP2, PLAU, 
AKT, CCND1 , ITG, several inflammatory genes and EMT-related 
genes (TWIST, FN1) were all up-regulated and exhibited the 
first relationship with ERK. MMPs are signature invasion marker 
genes that encode proteins involved in the degradation of ECM 
and are typically highly active during cancer development and 
progression (Passlick et al, 2000). MMPs belong to a family of 
zinc-dependent endopeptidases which are divided into different 
classes. MMP-2 (gelatinase A) has an important role in base- 
ment membrane turnover due to its specific activity to collagen 
type IV or gelatin. Its degradation plays a role in cell inva- 
sion of the vasculature and is considered to have a key role in 
metastasis. MMP-2 expression has been associated with the inva- 
siveness of many cancer cell lines and is elevated in high-grade 
tumors, specifically at the invasive front and in vascular inva- 
sion (Birkedal-Hansen et al., 1993; Coussens and Werb, 1996). 
Our previous study has demonstrated the importance of MMP-2 
in cell invasion induced by chronic CNT and asbestos exposure 



(Lohcharoenkal et al., 2013). Urokinase-plasminogen activator or 
PLAU gene is known to encode uPA, the protease which degrades 
ECM and plays critical roles in cell migration, tissue remodel- 
ing, angiogenesis, tumor invasion, and metastasis (Suzuki et al., 

2004) . Plasminogen activators convert plasminogen to plasmin, 
which works efficiently in proteolysis of the fibrin. In addition, 
plasminogen activators activate several MMPs and could also 
facilitate the MMP activities. A positive feedback loop between 
the binding of uPA to uPA receptor (uPAR) and Ras-ERK sig- 
naling pathway activation has been reported in many cell types 
and implicated in cell migration and progression of cancer (Ma 
et al, 2001). AKT (also known as protein kinase B or PKB) 
is a serine/threonine kinase that is involved in mediating var- 
ious biological responses, such as inhibition of apoptosis and 
stimulation of cell proliferation. There are three highly related 
isoforms of AKT (AKT1, AKT2, and AKT3) and these represent 
the major signaling arm of PI3K (Park et al, 2001). MEK/ERK 
and PI3K/AKT pathways are often concurrently activated by sep- 
arate genetic alterations in cancer cells but it was reported that 
ERK and AKT signaling cooperate to translationally regulate 
metastatic progression of certain types of cancer, e.g., colorectal 
cancer (Ye et al., 2013). Integrins are cell surface receptors that 
interact with ECM and mediate intracellular signals that regu- 
late many cellular processes including cell shape, mobility and 
progression through the cell cycle (Hynes, 2001). Integrins play 
an important role in cell signaling by affecting the cell signaling 
pathways of protein kinases including Ras-Raf-MEK-ERK path- 
way (Schlaepfer et al., 1994). Numerous studies have shown that 
integrin expression profiles are subject to change during cancer 
growth and progression and that such change contributes to the 
aggressive behavior of cancer cells (Danen and Sonnenberg, 2003; 
Danen, 2005). The enhanced expression of integrin is reported to 
be associated with EMT and poor prognosis of cancer (Bates et al., 

2005) . 

Western blot and real-time PCR studies demonstrated the 
up-regulation of integrin alpha V, but not EMT transcriptional 
regulators, in SWCNT-exposed mesothelial cells (Figures 5A,B). 
Since integrin/focal adhesion kinase (FAK)/cortactin has been 
reported to regulate cell motility and proliferation, cortactin 
expression in the SWCNT-exposed cells was examined and found 
to be upregulated in the SWCNT-exposed MeT-5A and LP-9 
cells (Figure 5A). Cortactin is a multidomain adapter protein, 
essentially contributing to cortical actin regulation. Regulation 
of this pool of actin is controlled by a variety of actin reg- 
ulatory proteins at integrin or cadherin adhesion sites and is 
important in many normal and pathological cellular processes, 
such as adhesion, migration, morphogenesis, tumor progression 
and metastasis (Weed and Parsons, 2001; Clark et al, 2007). 
Cortactin functions in actin assembly via interaction with actin- 
related protein-2/3 (Arp2/3) complex, which is dependent on 
Src-mediated phosphorylation of cortactin (Schubert and Dotti, 
2007). 

Besides tyrosine phosphorylation, cortactin is a target for mul- 
tiple serine/threonine kinases (Martin et al, 2006). Stimulation 
of tumor cells with EGF leads to phosphorylation of ser- 
ine residues 405 and 418, coincident with a characteristic 
shift in cortactin electrophoretic mobility from 80 to 85kDa 
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in SDS-PAGE. The mobility shift and phosphorylation of 
S405/S418 are impaired by pharmacologic inhibition of mitogen 
activated protein/extracellular signal regulated kinase (MEK)l/2. 
Biochemical evidence indicates that the MEK effector kinases 
ERK1/2 directly phosphorylate cortactin at these sites (Campbell 
et al, 1999). Thus, the relationship between cortactin and H- 
Ras-ERK activation in SWCNT-exposed cells was evaluated and 
the positive correlation between H-Ras and cortactin expres- 
sion was observed (Figure 5C and Supplementary Figure 1A). 
In good agreement, knockdown of H-Ras or chemical inhibition 
of ERK kinase decreased the level of cortactin expression in the 
SWCNT-exposed cells (Figures 5D,E). 

In summary, we demonstrated that prolonged exposure 
of human mesothelial cells to SWCNT induced aggressive 
neoplastic-like transformation in concomitant with H-Ras up- 
regulation. knockdown and overexpression studies indicated the 
relationship between H-Ras expression and the invasive phe- 
notype of SWCNT-exposed cells. ERK 1/2 was identified as an 
important effector for the aggressive phenotype of the cells as 
indicated by their reduced invasiveness by ERK kinase inhibitor. 
Whole genome microarray and Western blot analyses indicated 
the possible involvement of integrin alpha V in the H-Ras- 
ERK invasion signaling. Additionally, cortactin was shown to be 
a downstream target of H-Ras-ERK signaling in the SWCNT- 
exposed cells. 

AUTHOR CONTRIBUTIONS 

Warangkana Lohcharoenkal designed and performed cellular and 
molecular studies, and prepared the manuscript. Liying Wang 
prepared nanoparticle preparations and performed chronic expo- 
sure. Todd A. Stueckle performed microarray and Ingenuity 
Pathway Analysis. Jino Park performed real-time PCR exper- 
iments. William Tse participated in the design of the study 
and provided research reagents. Cerasela-Zoica Dinu character- 
ized nanomaterials. Yon Rojanasakul designed and coordinated 
the project, and prepared the manuscript. All authors read and 
approved the final manuscript. 

DISCLAIMER 

The findings and conclusions in this report are those of the 
authors and do not necessarily represent the views of the National 
Institute for Occupational Safety and Health. 

ACKNOWLEDGMENTS 

This work was supported by grants from the National Institutes 
of Health (R01-HL095579 and R01-ES022968) and National 
Science Foundation (EPS-1003907). Imaging experiments were 
performed in the West Virginia University Imaging Facility, which 
is supported in part by the Mary Babb Randolph Cancer Center 
and NIH grants P20 RR016440, P30 RR032138/GM103488, and 
P20RR016477. 

SUPPLEMENTARY MATERIAL 

The Supplementary Material for this article can be found 
online at: http://www.frontiersin.org/journal/10.3389/fphys. 
2014.00222/abstract 



REFERENCES 

Barbacid, M. (1987). Ras genes. Annu. Rev. Biochem. 56, 779-827. doi: 

10.1 146/annurev.bi.56.070 1 87.004023 
Bates, R. C, Bellovin, D. I., and Brown, C. (2005). Transcriptional activation of 

integrin f}6 during the epithelial-mesenchymal transition defines a novel prog- 
nostic indicator of aggressive colon carcinoma. /. Clin. Invest. 115, 339-347. doi: 

10.1172/JCI200523183 
Birkedal-Hansen, H., Moore, W. G., and Bodden, M. K. (1993). Matrix metallopro- 

teinases: a review. Crit. Rev. Oral Biol. Med. 4, 197-250. 
Boguski, M. S., and McCormick, F. (1993). Proteins regulating Ras and its relatives. 

Nature366, 643-654. doi: 10.1038/366643a0 
Brunet, A., and Pouyssegur, J. (1996). Identification of MAP kinase domains by 

redirecting stress signals into growth factor responses. Science 272, 1652-1655. 

doi: 10. 1 126/science.272.5268. 1652 
Campbell, D. H., Sutherland, R. L., and Daly, R. J. (1999). Signaling pathways and 

structural domains required for phosphorylation of EMSl/cortactin. Cancer 

Res. 59, 5376-5385. 

Cho, S. Y., and Klemke, R. L. (2000). Extracellular-regulated kinase activation and 
cas/crk coupling regulate cell migration and suppress apoptosis during inva- 
sion of the extracellular matrix. /. Cell Biol. 149, 223-236. doi: 10.1083/jcb. 
149.1.223 

Clark, E. S., Whigham, A. S., Yarbrough, W. G., and Weaver, A. M. (2007). 
Cortactin is an essential regulator of matrix metalloproteinase secretion and 
extracellular matrix degradation in invadopodia. Cancer Res. 67, 4227-4235. 
doi: 10.1158/0008-5472.CAN-06-3928 

Coussens, L. M., and Werb, Z. (1996). Matrix metalloproteinases and the devel- 
opment of cancer. Chem. Biol. 3, 895-904. doi: 10.1016/S1074- 5521(96) 
90178-7 

Danen, E. H. J. (2005). Integrins: regulators of tissue function and cancer progres- 
sion. Curr. Pharm. Des. 11, 881-891. doi: 10.2174/1381612053381756 
Danen, E. H. J., and Sonnenberg, A. (2003). Integrins in regulation of tissue 

development and function. /. Pathol. 201, 632-641. doi: 10.1002/path.l472 
Diaz-Meco, M. X, Lozano, J., Municio, M. M., Berra, E., Frutos, S., Sanz, L., et al. 

(1994). Evidence for the in vitro and in vivo interaction of Ras with protein 

kinase C zata. /. Biol. Chem. 269, 31706-31710. 
Foltz, I. N., Lee, J. C, Young, P. R., and Schrader, J. W. (1997). Hemopoietic 

growth factors with the exception of interleukin-4 activate the p38 mitogen- 

activated protein kinase pathway. /. Biol. Chem. 272, 3296-3301. doi: 

10.1074/jbc.272.6.3296 
Hynes, R. O. (2001). Integrins: bidirectional, allosteric signaling machines. Cell 110, 

673-687. doi: 10.1016/S0092-8674(02)00971-6 
Joneson, T., White, M. A., Wigler, M. H., and Bar-Sagi, D. (1996). Stimulation 

of membrane ruffling and MAP kinase activation by distinct effectors of RAS. 

Science 271, 810-812. doi: 10.1126/science.271. 5250.810 
Kapeller, R., and Cantley, L. C. (1994). Phosphatidylinositol 3-kinase. Bioessays 16, 

565-576. doi: 10.1002/bies.950160810 
Kiaris, H., and Soandidos, D. A. (1995). Analysis of H-ras, K-ras and N-ras genes 

for expression, mutation and amplification in laryngeal tumours. Int. J. Oncol. 

7, 75-80. 

Kolch, W. (2002). Ras/Raf signaling and emerging pharmacotherapeutic targets. 

Expert Opin. Pharmacother. 3, 709-718. doi: 10.1517/14656566.3.6.709 
Kyriakis, J. M., App, H., Zhang, X. E, Banerjee, P., Brautigan, D. L., Rapp, U. R., 

et al. (1992). Raf-1 activates MAP kinase-kinase. Nature 358, 417-421. doi: 

10.1038/358417a0 

Lakka, S. S., Jasti, S. L., Kyritsis, A. P., Yung, W. K., Ali-Osman, E, Nicolson, G. 
L., et al. (2000). Regulation of MMP-9 (type IV collagenase) production and 
invasiveness in gliomas by the extracellular signal-regulated kinase and jun 
amino-terminal kinase signaling cascades. Clin. Exp. Metastasis 18, 245-252. 
doi: 10.1023/A1006724826083 

La Rocca, P. J., and Rheinwald, J. G. (1985). Anchorage-independent growth of 
normal human mesothelial cells: a sensitive bioassay for EGF which discloses 
the absence of this factor in fetal calf serum. In Vitro Cell. Dev. Biol. 21, 67-72. 
doi: 10.1007/BF02620917 

Lohcharoenkal, W., Wang, L., Stueckle, T. A., Dinu, C. Z., Castranova, V., Liu, Y., 
et al. (2013). Chronic exposure to carbon nanotubes induces invasion of human 
mesothelial cells through matrix metalloproteinase-2. ACS Nano 7, 771 1-7723. 
doi: 10.1021/nn402241b 

Lowy, D. R., and Willumsen, B. M. (1993). Function and regulation of ras. Annu. 
Rev. Biochem. 62, 851-891. doi: 10.1146/annurev.bi.62.070193.004223 



Frontiers in Physiology | Membrane Physiology and Membrane Biophysics 



June 2014 | Volume 5 | Article 222 | 10 



Lohcharoenkal et al. 



H-Ras/ERK signaling in SWCNT-exposed mesothelial cells 



Lu, Z., Ding, L., Hong, H., Hoggard, J., Lu, Q., and Chen, Y. H. (2011). Claudin-7 
inhibits human lung cancer migration and invasion through ERK/MAPK sig- 
naling pathway. Exp. Cell Res. 317, 1935-1946. doi: 10.1016/j.yexcr.201 1.05.019 

Ma, Z., Webb, D. J., Jo, M., and Gonias, S. L. (2001). Endogenously produced 
urokinase-type plasminogen activator is a major determinant of the basal level 
of activated ERK/MAP kinase and prevents apoptosis in MDA-MB-23 1 breast 
cancer cells. /. Cell Sci. 1 14, 3387-3396. 

Marshall, C. J. (1996). Ras effectors. Curr. Opin. Cell Biol. 8, 197-204. doi: 
10.1016/S0955-0674(96)80066-4 

Martin, K. H., Jeffery, E. D., Grigera, R R., Shabanowitz, J., Hunt, D. E, and Parsons, 
J. T. (2006). Cortactin phosphorylation sites mapped by mass spectrometry. 
/. Cell Set. 119, 2851-2853. doi: 10.1242/jcs03034 

Moon, A., Kim, M. S., Kim, T. G., Kim, S. H., Kim, H. E., Chen, Y. 
Q-, et al. (2000). H-ras, but not N-ras, induces an invasive phenotype 
in human breast epithelial cells: a role for MMP-2 in the h-ras-induced 
invasive phenotype. Int. J. Cancer 85, 176-181. doi: 10.1002/(SICI)1097- 
0215(20000115)85:2%3C176::AID-IJC5%3E3.0.CO;2-E 

Ottestad, L., Tveit, K. M., HAifAdt, H. K., Nesland, J. M., Vaage, S., HAie, J., et al. 
(1988). Cultivation of human breast carcinoma in soft agar. Experience with 237 
fresh tumour specimens. Br. J. Cancer 58, 8-12. doi: 10.1038/bjc.l988.151 

Park, B. K., Zeng, X., and Glazer, R. I. (2001). Aktl induces extracellular matrix 
invasion and matrix metalloproteinase-2 activity in mouse mammary epithelial 
cells. Cancer Res. 61, 7647-7653. 

Passlick, B., Sienel, W., and Seen-Hibler, R. (2000). Overexpression of matrix met- 
alloproteinase 2 predicts unfavorable outcome in early-stage non-small cell lung 
cancer. Clin. Cancer Res. 6, 3944-3948. 

Risser, R., and Pollack, R. (1974). A non-selective analysis of SV40 transformation 
of mouse 3T3 cells. Virol 59, 477-489. doi: 10.1016/0042-6822(74)90457-7 

Rodriguez- Viciana, P., Warne, P. H, Dhand, R., Vanhaesebroeck, B., Gout, I., 
Fry, M. J., et al. (1994). Phosphatidylinositol-3-OH kinase direct target of Ras. 
Nature 370, 527-532. doi: 10.1038/370527a0 

Sakamoto, Y, Nakae, D., Fukumori, N., Tayama, K., Maekawa, A., Imai, K., et al. 
(2009). Induction of mesothelioma by a single intrascrotal administration of 
multi-wall carbon nanotube in intact male Fischer 344 rats. /. Toxicol. Sci. 34, 
65-76. doi: 10.2131/jts.34.65 

Sargent, L. M., Porter, D. W., Staska, L. M., Hubbs, A. E, Lowry, D. T., Battelli, L., 
et al. (2014). Promotion of lung adenocarcinoma following inhalation exposure 
to multi-walled carbon nanotubes. Part. Fibre Toxicol. 11, 3. doi: 10.1 186/1743- 
8977-11-3 

Sargent, L. M., Shvedova, A. A., Hubbs, A. E, Salisbury, J. L., Benkovic, S. A., 
Kashon, M. L., et al. (2009). Induction of aneuploidy by single-walled carbon 
nanotubes. Environ. Mol. Mutagen. 50, 708-717. doi: 10.1002/em.20529 

Schlaepfer, D. D., Hanks, S. K., Hunter, T., and Van der Geer, P. (1994). Integrin- 
mediated signal transduction linked to Ras pathway by GRB2 binding to focal 
adhesion kinase. Nature 372, 786-791. 

Schubert, V., and Dotti, C. G. (2007). Transmitting on actin: synaptic control of 
dendritic architecture. /. CellSci. 120, 205-212. doi: 10.1242/jcs.03337 

Shin, S., Freedman, V. H., Risser, R., and Pollack, R. (1975). Tumorigenicity of 
virus-transformed cells in nude mice is correlated specifically with anchorage 
independent growth in vitro. Proc. Natl. Acad. Sci. U.S.A. 72, 4435-4439. doi: 
10.1073/pnas.72. 11.4435 

Stites, E. C, and Ravichandran, K. S. (2009). A systems perspective of ras signal- 
ing in cancer. Clin. Cancer Res. 15, 1510-1513. doi: 10.1158/1078-0432.CCR- 
08-2753 



Suzuki, M., Kobayashi, H., Kanayama, N., Saga, Y, Suzuki, M., Lin, C. 
Y, et al. (2004). Inhibition of tumor invasion by genomic down- 
regulation of matriptase through suppression of activation of receptor-bound 
pro-urokinase. /. Biol. Chem. 279, 14899-14908. doi: 10.1074/jbc.M3131 
30200 

Takagi, A., Hirose, A., Futakuchi, M., Tsuda, H., and Kanno, J. (2012). Dose- 
dependent mesothelioma induction by intraperitoneal administration of multi- 
wall carbon nanotubes in p53 heterozygous mice. Cancer Sci. 103, 1440-1444. 
doi: 10.1111/j.l349-7006.2012.02318.x 

Takagi, A., Hirose, A., Nishimura, T., Fukumori, N., Ogata, A., Ohashi, N., et al. 
(2008). Induction of mesothelioma in p53+/- mouse by intraperitoneal appli- 
cation of multi-walled carbon nanotube. /. Toxicol. Sci. 33, 105-116. doi: 
10.2131/jts.33.105 

Theodorescu, D., Cornil, I., Fernandez, B. J., and Kerbel, R. S. (1990). 

Overexpression of normal and mutated forms of HRAS induces orthotopic 

bladder invasion in a human transitional cell carcinoma. Proc. Natl. Acad. Sci. 

U.S.A. 87, 9047-9051. doi: 10.1073/pnas.87.22.9047 
Tong, L„ Zhang, W., Hang, H, Yu, Z., Chu, P. K., and Hu, A. (2011). Toxicity of 

carbon nanotubes to p21 and husl gene deficient mammalian cells. /. Nanosci. 

Nanotechnol. 11, 11001-11005. doi: 10.1166/jnn.2011.3958 
Wang, L., Luanpitpong, S., Castranova, V., Tse, W., Lu, Y, Pongrakhananon, 

V., et al. (2011). Carbon nanotubes induce malignant transformation and 

tumorigenesis of human lung epithelial cells. Nano Lett. 11, 2796-2803. doi: 

10.1021/nl2011214 

Wang, L., Stueckle, T. A., Mishra, A., Derk, R., Meighan, T, Castranova, V., et al. 
(2014). Neoplastic-like transformation effect of single-walled and multi-walled 
carbon nanotubes compared to asbestos on human lung small airway epithelial 
cells. Nanotoxicol. 8, 485-507. doi: 10.3109/17435390.2013.801089 

Weed, S. A., and Parsons, J. T. (2001). Cortactin: coupling membrane dynam- 
ics to cortical actin assembly. Oncogene 20, 6418-6434. doi: 10.1038/sj.onc. 
1204783 

Ye, Q., Cai, W., Zheng, Y, Evers, B. M., and She, Q. B. (2013). ERK and AKT 
signaling cooperate to translationally regulate surviving expression for 
metastatic progression of colorectal cancer. Oncogene 33, 1828-1839. doi: 
10.1038/onc.2013.122 

Conflict of Interest Statement: The authors declare that the research was con- 
ducted in the absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest. 

Received: 09 March 2014; accepted: 27 May 2014; published online: 12 June 2014. 
Citation: Lohcharoenkal W, Wang L, Stueckle TA, Park J, Tse W, Dinu C-Z and 
Rojanasakul Y (2014) Role of H-Ras/ERK signaling in carbon nanotube-induced 
neoplastic-like transformation of human mesothelial cells. Front. Physiol. 5:222. doi: 
1 0.3389, fphys.201 4. 00222 

This article was submitted to Membrane Physiology and Membrane Biophysics, a 
section of the journal Frontiers in Physiology. 

Copyright © 2014 Lohcharoenkal, Wang, Stueckle, Park, Tse, Dinu and Rojanasakul. 
This is an open-access article distributed under the terms of the Creative Commons 
Attribution License (CC BY). The use, distribution or reproduction in other forums is 
permitted, provided the original author(s ) or licensor are credited and that the original 
publication in this journal is cited, in accordance with accepted academic practice. 
No use, distribution or reproduction is permitted which does not comply with these 
terms. 



www.frontiersin.org 



June 2014 | Volume 5 | Article 222 | 11 



